cGMP is an established second messenger generated by soluble guanylyl cyclase (sGC) and particulate guanylyl cyclases (pGCs) (Friebe et al., 2015) . cGMP mediates its biological effects via protein kinase G, ion channels and inhibition or stimulation of nucleoside 3′,5′-cyclic monophosphate (cNMP)-degrading phosphodiesterases (Friebe et al., 2015) . The GC-cGMP system is of substantial pharmacological interest, specifically for the treatment of cardiovascular diseases (Friebe et al., 2015) . Probably the most important pharmacological effect of cGMP is to induce vasodilation (Friebe et al., 2015) .
In vitro studies with highly purified sGC and sensitive and specific mass spectrometry methods have unequivocally shown that in addition to cGMP, sGC is also capable of effectively producing inosine 3′,5′cyclic monophosphate (cIMP) (Beste et al., 2012) . pGCs generate cIMP as well (Beste et al., 2013) . Moreover, the "adenylyl cyclase" toxins CyaA from Bordetella pertussis and edema factor from Bacillus anthracis can generate cIMP (Beste et al., 2013) . There is only a small chemical difference between cGMP and cIMP, i.e., cIMP misses an amino group at the purine ring (Fig. 1) . As a consequence, cIMP is considerably less potent and effective than cGMP at activating protein kinase G (Wolter et al., 2011) . cIMP belongs to the group of non-canonical cNMPs that also comprises cCMP and cUMP .
Studies on various mammalian cell lines and mouse organs failed to detect cIMP (Beste et al., 2013; Hartwig et al., 2014; Bähre et al., 2015) , raising doubts about a (patho)physiological role of cIMP (Seifert, 2014) . However, the group of Vanhoutte showed that under conditions of hypoxia, sGC switches substrate specificity from GTP to ITP and that the generated cIMP exerts opposite (constrictory) effects on blood vessels to those of cGMP (dilatatory) (Chen et al., 2014; Gao and Vanhoutte, 2014) . How such a small chemical difference between two cNMPs can result in opposite biological effects has been discussed controversially (Seifert, 2014; Gao and Vanhoutte, 2014) .
On this background, some recent studies place the cIMP field into a new perspective. Specifically in rat kidney and rat liver, low levels of cIMP were detected using sensitive and specific mass spectrometry methods (Jia et al., 2014) . In addition, several organs from zebrafish, i.e., eyes, heart and testes, contain cIMP (Dittmar et al., 2015) . As a cautionary note, in these two studies, the identity of cIMP was not unequivocally confirmed by HPLC-time-of-flight mass spectrometry, the low abundance of cIMP and the relatively low sensitivity of timeof-flight mass spectrometry being limiting factors Dittmar et al., 2015) . Clearly, these lacking data on cIMP must be provided. However, in aggregate, the available data suggest that cIMP occurs only under certain pathophysiological conditions and in certain species. Accordingly, a comprehensive survey of cIMP concentrations in multiple species and organs under various physiological and disease conditions is required. The zebrafish model is particularly well suited for studies on a potential role of cIMP in organ development.
In a recent study, Ng et al. (2016) systematically analyzed the interactions of canonical and non-canonical cNMPs with the hyperpolarization-activated cNMP-gated channel 2 (HCN2). In contrast to the prototypical HCN2 channel activator cAMP, cIMP failed to induce oligomerization of the cNMP-binding domains of the channel and opened ion conductance only ineffectively. Crystallographic studies revealed that cIMP and cAMP stabilize distinct HCN2 channel conformations. The study of Ng et al. (2016) suggests that various cNMPs interact differentially with HCN channels, opening the door for specific pharmacological modulation of HCN channel subtypes in terms of full and partial activators and inhibitors.
In an unrelated recent study, the group of Vanhoutte followed up their previous study on cIMP-induced vasoconstriction (Chen et al., 2014) and examined the effects of thymoquinone on blood vessels (Detremmerie et al., 2016) . Thymoquinone is the pharmacologically active constituent of Nigella sativa and exhibits pleiotropic pharmacological effects including antioxidant properties (Amin and Hosseinzadeh, 2016) . These properties have been proposed to be of potential value for the treatment of a vast number of diseases including neurodegenerative disease, cancer, pain, diabetes and asthma (Amin and Hosseinzadeh, 2016; Elmaci and Altinoz, 2016; Gholamnezhad et al., 2016) . However, convincing and wellcontrolled clinical studies are still missing. In their study, Detremmerie et al. (2016) show that thymoquinone at moderately high concentrations (10-100 μM) can exhibit paradoxical vasoconstrictory effects via Ca 2+ influx by T-type-or L-type Ca 2+ channels. cIMP-induced vasoconstriction may play a role in coronary ischemia/reperfusion injury and/or cardiovascular complications in sleep apnea (Detremmerie et al., 2016) . The occurrence of cIMP in only certain pathophysiological settings could be an explanation for the failure to detect cIMP in several biological systems under normal conditions, i.e., without hypoxia (Beste et al., 2013; Hartwig et al., 2014; Bähre et al., 2015) . Detremmerie et al. (2016) provide evidence in favor of the notion that the pharmacological actions of thymoquinone depend on sGC-catalyzed cIMP formation. Hence, thymoquinone constitutes a novel pharmacological tool that can be used to increase intracellular cIMP concentrations. The precise molecular mechanism of action of thymoquinone in the sGC-cGMP/cIMP system is not yet known, and it is unlikely that the pleiotropic pharmacological effects of the natural product (Amin and Hosseinzadeh, 2016) can all be attributed to a single molecular mechanism. To this end, it is clear that for the cIMP increase, the quinone moiety of thymoquinone is required (Detremmerie et al., 2016) , a first step towards the elucidation of structure/activity relationships.
Notably, even extracellularly applied cIMP exhibits vasoconstrictory effects (Chen et al., 2014; Detremmerie et al., 2016) . cIMP may either be taken up into cells via transporters and exert intracellular effects or may act extracellularly, e.g., by metabolism to inosine and subsequent activation of adenosine receptors (Chen et al., 2014; Seifert et al., 2015; Sassi et al., 2014; Detremmerie et al., 2016) . Intracellular effects of cIMP are probably transient because several phosphodiesterases effectively hydrolyze cIMP (Monzel et al., 2014) . It is also likely (but formally not yet proven) that cIMP is effectively transported via multidrug resistance proteins 4 and 5 (Laue et al., 2014) . A regulatory role of cIMP on phosphodiesterase activity is possible as well (Monzel et al., 2014) .
Thus, recent studies, despite initial skepticism (Seifert, 2014) , support the notion that cIMP may exhibit a signaling role independently of that of cGMP. In order to further test this intriguing hypothesis, several lines of investigations must be pursued. Firstly, systematic pharmacological analyses of canonical and non-canonical cNMPs on every known purified cNMP effector protein are necessary to reveal full agonism, partial agonism, or antagonism of a given cNMP. Secondly, systematic crystallographic studies with cNMPs on known target proteins are required. Such studies provide the rational basis for the design of selective modulators of a given effector protein. Thirdly, studies with intact cells and organs need to be expanded. Particularly, a role of cIMP in brain diseases associated with hypoxia such as stroke, epilepsia, and brain trauma must be explored (Thompson and Ronaldson, 2014) .
The available evidence suggests that the occurrence and the effects of cIMP may be species-specific (Jia et al., 2014; Dittmar et al., 2015; Detremmerie et al., 2016) . Thus, numerous species beyond rat, mouse, rat, and human should be studied. Such studies should not only include membranepermeable cNMP-acetoxymethyl esters as pharmacological tools but also the native cNMPs that can exert biological effects themselves or via degradation products (Chen et al., 2014; Sassi et al., 2014; Seifert et al., 2015; Detremmerie et al., 2016) . Furthermore, the precise molecular mechanism underlying the cIMP-increasing effects of the natural compound thymoquinone must be elucidated. Specifically, it must be assessed whether thymoquinone alters only the concentrations of cIMP or also the concentrations of other cNMPs. Additionally, the precise link between thymoquinone and sGC must be explored. Based on the present study of Detremmerie et al. (2016) , adverse rather than beneficial effects of thymoquinone would be expected in intact organisms. Particularly, it needs to be examined whether thymoquinone deteriorates the outcome of experimental myocardial infarction. Conversely, compounds that prevent cIMP formation may be of therapeutic value in hypoxic conditions.
In conclusion, the pharmacological analysis of the sGCcGMP/cIMP-thymoquinome system offers several intriguing opportunities for a better understanding of hypoxia-associated diseases and the development of novel therapeutic strategies. Like many other natural compounds (Gach et al., 2015; Hassani et al., 2016) thymoquinone exerts pleiotropic effects and does probably not possess a single defined molecular mechanism of action (Amin and Hosseinzadeh, 2016) . Thus, the search for potent and selective compounds that can increase cIMP concentrations must continue.
